Background. Streptococcus pneumoniae serotype 1 has a high likelihood of causing invasive disease. Serotype 1 isolates belonging to CC228 are associated with low mortality, while CC217 isolates exhibit high mortality in patients.
causes of community-acquired pneumonia, sepsis, and meningitis worldwide. It is not known whether colonizing pneumococci appear in the bloodstream genetically unaltered or whether pathoadaptive mutations are selected for in the host that may enhance a given strain's capability of causing invasive disease.
Pneumococci comprise a large number of clonal types that may express one of at least 93 different capsular serotypes that differ in their odds ratio of causing invasive disease. Serotype 1 pneumococci have been found to exhibit a high invasive disease potential [1, 2] and cause infections among previously healthy individuals [3] . Serotype 1 isolates belong to the top 5 serotypes associated with invasive pneumococcal disease (IPD) in Europe, Asia, Africa, and Oceania [4] . Despite a high attack rate, disease severity has been reported by us and others to be relatively low, with low or no case-fatality rates [1, 3, 5] . However, epidemic outbreaks of pneumococcal meningitis caused by serotype 1 in Burkina Faso and Ghana have been reported to be associated with a high mortality (44%-74%). European serotype 1 isolates belong predominantly to CC228 (including ST227/228/306), whereas the Burkina Faso and Ghana isolates belonged to CC217 [6] [7] [8] .
Pneumococci are unusual in that they produce high, potentially suicidal levels of hydrogen peroxide by converting pyruvate to acetyl phosphate and hydrogen peroxide via a pyruvate oxidase encoded by the spxB gene [9] . Hydrogen peroxide production causes bacterial death in the absence of exogenously added catalase. Therefore, spxB mutants tend to grow faster and form considerably larger colonies than wild-type bacteria on blood agar plates. It has been demonstrated that hydrogen peroxide-producing wild-type strains provide a competitive advantage over spx-mutant derivatives in animal colonization models [9] [10] [11] [12] [13] [14] . Pneumococcal hydrogen peroxide production has also been shown to be important for outcompeting Staphylococcus aureus from the nose in mixed infections [15, 16] . Thus, during normal colonization the advantage of producing hydrogen peroxide outweighs the growth defect associated with its toxicity.
In this article, we demonstrate that spxB mutants emerge spontaneously as large colonies after culturing blood specimens from infected patients and from mice with invasive disease caused by serotype 1 pneumococci of CC228 and CC217.
These hydrogen peroxide-deficient mutants are considerably more virulent in mice because of reduced early clearance but appear to be less successful in colonization. Also, we show that early resistance to eradication of spxB mutant bacteria in vivo is due to increased resistance to macrophage-mediated clearance.
MATERIAL AND METHODS

Bacterial Strains and Growth Conditions
Strains used in the study are described in Table 1 . All strains were cultured at 37°C in Todd-Hewitt broth with 0.5% yeast extract (THY) with catalase to a final concentration of 2500 U/mL, in semisynthetic C + Y medium [17] or on blood agar plates at 37°C in 5% CO 2 . Unless otherwise stated, strains were grown to mid-log phase (OD 620 , 0.3-0.4) in static liquid culture. All deletion mutants were constructed using polymerase chain reaction (PCR) ligation mutagenesis (Supplementary Materials). Characterization was done with multilocus sequence typing (MLST) and pulsed-field gel electrophoresis (PFGE; Supplementary Materials).
Colony Viability
Individual bacterial colonies from blood agar plates were resuspended in 1 mL of phosphate-buffered saline (PBS). Serial dilutions from each colony suspension were prepared in PBS, and the number of viable bacteria was determined. 
Growth Rate Measurements
A description of the method by which the bacterial growth rate was measured is included in the Supplementary Materials.
Capsule Measurements
Capsular amount was measured using an indirect enzymelinked immunosorbent assay (Supplementary Materials).
Hydrogen Peroxide Tolerance and Production Assays Hydrogen peroxide tolerance and production was determined as described previously [18] [19] [20] (Supplementary Materials).
PCR and Sequencing
Genomic DNA was isolated using a tissue kit (Qiagen 
Ethics Approval
The experiments were approved by the local ethical committee (Stockholms Norra Djurförsöksetiska Nämnd).
Statistical Analyses
Differences in survival were analyzed by the Mantel-Cox log-rank test. CFU counts in vivo were analyzed using the Mann-Whitney U test, and results with a P value of <.05
were considered statistically significant. CFU counts in vitro were analyzed using a 2-tailed t test. All analyses were performed in GraphPad Prism, version 5.04.
RESULTS
In Vivo Selection of Virulent Large Colony Variants After Systemic Infection With Serotype 1 Isolates in Mice and Humans
Two clinical isolates of serotype 1 belonging to CC228 (isolate BHN32 ST228 of ST228 and BHN31 ST306 of ST306) were used to infect C57BL/6 mice intraperitoneally. When recovering bacteria from blood specimens, both serotype 1 isolates yielded a mixture of large-and small-colony variants, the latter morphologically identical to the wild-type used as the inoculum. The normal small colonies showed a central indentation, whereas the large colonies were domed shaped ( Figure 1A ). The specific morphotypes were stable upon restreaking on blood agar plates and after frozen storage. The large morphotypes appeared between 24 and 48 hours after intraperitoneal challenge and occurred in about 70% of BHN31 ST306 -infected mice at a ratio of 1 large colony to 10 wild-type colonies, whereas only about 20% of the BHN32 ST228 -infected mice gave rise to the large phenotype and in a ratio of only 1 large colony to 100 wild-type colonies. An in vivo-selected large-colony variant of BHN31 ST306 was tested using MLST and PFGE. It was found to be the same as the inoculum strain and was given the strain designation BHN122 ST306 . The corresponding large-colony variant of BHN32 ST228 was designated BHN123 ST228 .
To investigate whether large-morphotype mutants are selected for during human infections we examined pneumococcal isolates from human blood specimens. Isolates from 2 patients gave rise to small and large morphotypes. PFGE and MLST revealed that the small-and large-colony variants were the same in each patient and belonged to ST306 and ST217, respectively. One small colony and 1 large colony from patient 1 were restreaked and designated BHN124 ST306 and BHN125 ST306 , respectively, and 1 each from patient 2 were streaked and called BHN682 ST217 and BHN683 ST217 (Table 1) .
In Vivo-Selected Large Morphotype Mutants From Mice and Humans All Contain 1 or More Mutations in the Pyruvate Oxidase Gene spxB
Each of the in vivo-selected large morphotypes had completely lost or showed a lowered expression of hydrogen peroxide ( Table 1) . The large colony size correlated to a larger number of bacteria per colony as compared to wild-type colonies, and the growth was considerably better. Growth in wild-type strain was also enhanced by addition of catalase (Supplementary Figure 1A and 1B). Furthermore, the large-colony variants were more sensitive to exogenous hydrogen peroxide, compared with the parental strains (Supplementary Figure 1C) . The above characteristics suggested mutations in the spxB gene, which was confirmed by sequencing (Table 1) . Thus, the spxB gene in the large morphotype BHN123 ST228 revealed a G to A substitution in base 539 resulting in a Gly180Asp amino acid substitution in SpxB relative to parental strain BHN32 ST228 .
BHN122 ST306 contained as many as 5 nucleotide substitutions in spxB, compared with the parental strain BHN31 ST306 (Table 1) . We also sequenced the spxB gene from additional large-colony variants arising after intraperitoneal and intravenous infection with BHN32 ST228 in different mice and found that they all contained different spxB mutations. Interestingly, when 3 large-colony variants were taken at different time points from the same mouse, they all turned out to carry different mutations in spxB (Supplementary Table 1) . Also, both large-colony variants BHN125 ST306 and BHN683 ST217 derived from the 2 human blood cultures were spxB mutants and deficient in hydrogen peroxide production in contrast to the respective small morphotypes (Table 1) .
In Vivo-Selected Figure 1D and 1E ) . For BHN123 ST228 the decline in the number of CFUs was less evident, and 48 hours after infection there was only 1 log decrease in the number of CFUs, compared with 1 hour after infection ( Figure 1F ). The data suggest that hypervirulence mediated by an inactivation of spxB is due to an increased resistance to early immune-mediated clearance.
One of the 2 patients with 2 morphotypes had a systemic infection caused by an isolate (BHN682 ST217 ) of ST217, a sequence type that has been associated with high mortality in humans. Upon intranasal challenge, the large-colony variant BHN683 ST217 was more virulent than BHN682 ST217 , with 45%
and 10% of the infected mice, respectively, developing invasive disease ( Figure 2A) . Also, more bacteria were found in the blood at earlier time points for the large phenotype ( Figure 2B and 2C). Even though all intranasally infected mice became colonized by both parent and mutant strains, as determined by culture of nasotracheal lavage, the average number of CFUs was slightly higher for BHN682 ST217 (Figure 2D ), suggesting that a functional spxB is of selective advantage during colonization in mice, as previously reported [11] . Intravenous challenge gave a dramatic difference between BHN683 ST217 and BHN682
ST217
, with no survival after 12 and 72 hours, respectively ( Figure 2E ). Even though the intravenous inoculum was similar for the 2 strains, the number of CFUs after 1 hour was already 1 log lower for the wild-type strain, compared with the spxB mutant ( Figure 2F and 2G) . For wild-type strain BHN682 ST217 , the number of CFUs decreased for 6 hours, after which bacterial numbers increased and mice eventually succumbed of the infection ( Figure 2F ). In BHN683 ST217 , there was no initial decrease in bacterial numbers. Instead, the number of CFUs increased during the first 6 hours of infection, until all mice succumbed ( Figure 2G ). When a mixed infection was performed with 99% wild-type strain BHN682 ST217 and 1%
spxB mutant strain BHN683 ST217 , we found that the 2 bacterial populations behaved as different entities: the wild-type decreasing during the first 6 hours and then remaining stable until 12 hours after infection, whereas the spxB mutant rapidly increased to approximately half the bacterial population at 6 and 12 hours before increasing to >80% at the time mice were euthanized ( Figure 2H) . These data clearly demonstrate that the spxB Figure 2 . spxB mutant strains of ST217, evoked in patients with sepsis, are more virulent in mice after intranasal, and intravenous infection. A, Survival of C57BL/6 mice after intranasal challenge with wild-type BHN682 ST217 (n = 20) and spxB mutant BHN683 ST217 (n = 20). A significant difference was found in survival between the 2 strains (P = .0099). Levels of bacteremia are shown after intravenous challenge for BHN682 ST217 (B) and for BHN683 ST217 (C); dashed lines denote the lower limit of detection. D, A significant differences was found in bacterial load in the nasotracheal lavage fluid from surviving mice after intranasal challenge (P = .0313). E, Survival of mice after intravenous challenge with wild-type BHN682 ST217 (n = 20) or spxB mutant BHN683
(n = 20). The survival time of BHN683 ST217 was shorter (median survival, 7.75 hours), compared with that for BHN682 ST217 (24 hours; P < .0001). Level of bacteremia after intravenous challenge with wild-type BHN682 ST217 (F) and mutant BHN683 ST217 (G). H, Level of bacteremia after intravenous challenge with a mix of wild-type BHN682 ST217 and mutant BHN683 ST217 in ratio of 99 to 1. Abbreviation: CFU, colony-forming unit.
mutant BHN683 ST217 , isolated from human blood, was more resistant to early host-mediated clearance, compared with wildtype strain BHN682 ST217 . To further study the role of spxB in other genetic backgrounds, we investigated the commonly used TIGR4 strain of serotype 4 ( Supplementary Figure 2A-C) . We observed a higher bacterial load in the blood for mice infected with the spxB mutant, compared with the wild-type strain, and a notable difference in the early clearance between the 2 strains, even though it was less pronounced than for type 1 strains.
SpxB Mutants Are Less Efficiently Phagocytosed by Macrophages In Vitro
SpxB mutants exhibit a faster growth rate in vitro in the absence of catalase but not in whole blood or serum (Supplementary Figure 2D and 2E ) . Thus, growth rate differences cannot explain the rapid emergence of spxB mutants in vivo. Instead our data suggest that the spxB mutants are resistant to a selective bottleneck occurring in the host during the initial phase of infection, to which the wild-type strain is sensitive. To see whether that bottleneck could represent macrophage-mediated clearance, the human derived monocytic-macrophage cell line THP-1 was used in binding and phagocytosis experiments. As shown in Figure 3A and 3B, the spxB mutants BHN123 ST228 and BHN684 ST228 (an in vitro-generated spxB knockout mutant of BHN32 ST228 ) adhered less well and were considerably less phagocytosed by THP-1 cells, compared with wild-type strain BHN32 ST228 and the revertant strain BHN685 ST228 .
Also, for the ST217 pair, the in vivo-selected spxB mutant BHN683 ST217 adhered less and was less phagocytosed, compared with wild-type strain BHN682 ST217 ( Figure 3A and 3B).
In Vivo Depletion of Macrophages Abolishes the Virulence Difference Between Wild-type and spxB Mutant Pneumococci
Clodronate liposomes were injected intravenously to deplete macrophages, as previously described [18] . The macrophagedepleted mice were challenged intravenously with the ST217 pair BHN682 ST217 and BHN683 ST217 . Macrophage-depleted mice were as susceptible to wild-type strain BHN682 ST217 as to the spxB mutant strain BHN683 ST217 and survived for <8 hours ( Figure 4A ). CFU counts in blood specimens revealed no initial bacterial clearance and that bacterial numbers were already increased for both wild-type and mutant bacteria 1 hour Figure 3 . spxB affects the interaction between Streptococcus pneumoniae serotype 1 isolates and the human-derived macrophage cell line THP-1. Wildtype and mutant strains of serotype 1, ST228 (open bars), and ST217 (filled bars) were analyzed in binding and phagocytosis assays, using THP-1 cells.
A, spxB mutations affect the binding of S. pneumoniae serotype 1 strains to macrophages. Binding is calculated by subtracting internalized bacteria from cell-associated bacteria, divided by initial inoculum. B, Spontaneous spxB mutant strains (BHN123 ST228 and BHN683 ST217 ), as well as the in vitro-generated spxB knockout mutant strain (BHN684 ST228 ), were less phagocytosed by macrophages, compared with the corresponding wild-type strains and the revertant BHN685 ST228 . The percentage phagocytosis represents the percentage of inoculated bacteria that were internalized. All data are presented as mean ± standard error of the mean. *P < .05; **P < .01; ***P < .001; ****P < .0001. Abbreviations: CFU, colony-forming unit; NS, not significant. after infection (Figure 4B and 4C) . Next we investigated whether neutrophils are involved in resistance to early clearance ( Figure 5A-C) . Neutrophil depletion did not affect early clearance of wild-type strain or spxB mutants after systemic challenge, supporting our claim that it is primarily macrophages that clear wild-type bacteria more efficiently than spxB-mutant bacteria early after systemic challenge.
Effects of the C-Type Lectin SIGN-R1 on Early Pneumococcal Serotype 1 Clearance
It has been shown that mice lacking the C-type lectin SIGN-R1, which is preferentially expressed by marginal zone macrophages in the spleen, are significantly more susceptible to pneumococcal infection and fail to clear pneumococci from the circulation [22, 23] . We therefore infected SIGN-R1 −/− mice intravenously with the ST217 pair BHN682 ST217 and BHN683 ST217 ( Figure 6 ).
There was no statistical difference between the in vivo-selected spxB mutant BHN683 ST217 in wild-type and SIGN-R1 −/− mice.
However, wild-type BHN682 ST217 was more virulent in SIGN-R1 −/− mice, and there was no evidence for an initial clearance at early time points after BHN682 ST217 infection of SIGN-R1
−/− , compared with wild-type mice. This suggests an important role for marginal zone macrophages expressing SIGN-R1 in the capacity to clear BHN682 ST217 carrying the wild-type spxB allele but not in the clearing of its spxB mutant derivative strain BHN683 ST217 ( Figure 6 ).
DISCUSSION
Most if not all pneumococci have a functional spxB gene encoding a pyruvate oxidase, resulting in endogenous production of potentially suicidal levels of hydrogen peroxide. Here we demonstrate that in clinical isolates of serotype 1 belonging to 2 major CCs (CC228 and CC217), mutations in the spxB gene arise spontaneously during bacterial growth in the host, both in mice and in patients with sepsis. Mutations in spxB result in fitter, large-colony variants unable to produce endogenous hydrogen peroxide. Infection studies, particularly intravenous challenge, revealed that early clearance by the host was much less efficient for spxB mutants than for wild-type bacteria, resulting in a higher bacterial load and, as a consequence, an Figure 4 . In vivo depletion of macrophages by using clodronate leads to increased resistance to early clearance of wild-type pneumococci. Survival of C57BL/6 mice treated with liposome-encapsulated clodronate or mice sham treated with phosphate-buffered saline (PBS) after intravenous challenge with wild-type BHN682 ST217 or spxB mutant BHN683 ST217 . A, Macrophage-depleted mice were more susceptible to spxB-proficient BHN682 ST217 , compared with nondepleted mice (BHN682 ST217 clodronate vs PBS, P = .0005). No significant differences were found in survival between macrophage-depleted mice challenged with wild-type BHN682 ST217 or mutant BHN683 ST217 . Bacteremia levels in mice depleted of macrophages with clodronate (B) or in controls treated with PBS (C) show that macrophage-depleted mice are more resistant to early clearance, compared with wild-type mice inoculated with wild-type spxBproficient bacteria. Abbreviation: CFU, colony-forming unit.
earlier onset of severe disease. The phenotypes were reverted in a spxB revertant, arguing that selection of hypervirulence is due to spxB mutations.
In vivo selection of spxB mutant pneumococci in a host will depend on several parameters, such as the number of bacteria, the mutation frequency, the bottleneck created by the host immune system, and the fitness advantage for the mutant relative to the parental strain. In the present experiments, the challenge dose was 10 7 bacteria/mouse, and the calculated mutation frequency to rifampicin resistance was about 10 −8 (data not shown). Since the spxB mutations represent a loss-of-function mutation, we expect the mutation frequency to be higher, possibly around 10
, meaning that the inoculum might contain on average 1-10 spxB mutant bacteria. The in vivo-selected spxB mutants emerged early during infection but never outgrew the wild-type strain during the continued infection process. This finding, the fact that catalase is abundant in blood, and the similar growth behavior in serum and blood argue that it is resistance to early clearance, and not enhanced growth rate, that provides the selective force to enrich for spxB mutants during systemic infection. The mixing experiment shows that spxB bacteria do not affect early host clearance of wild-type bacteria, suggesting that mutant and wild-type bacteria behave as separate entities during infection.
Even though endogenous production of hydrogen peroxide may be detrimental to pneumococci, most clinical isolates carry an intact spxB gene. Expression of hydrogen peroxide or other functions associated with an intact pyruvate oxidase must therefore contribute to the fitness of pneumococci in their normal ecological niche, the human nasopharynx. This is supported by Regev-Yochay et al, who showed that a spxB mutant was outcompeted by its hydrogen peroxide-producing parental strain in an infant rat colonization model [14] . It has also been shown that production of hydrogen peroxide by pneumococci has a bactericidal effect on other organisms, such as Staphylococcus aureus and Haemophilus influenzae, that may confer a competitive advantage during nasopharyngeal colonization [15, 16] . In our intranasal infection, the in vivo-selected spxB mutants generated a lower number of colonizing bacteria, compared with the wild-type strain, suggesting that expression of spxB is of selective advantage to pneumococci during colonization. A reduction in colonization may also explain why a spxB Figure 5 . In vivo depletion of neutrophils by using antibody against the Ly-6G surface antigen does not affect early clearance but shortens survival time.
Survival of C57BL/6 mice treated with antibody Ly-6G in phosphate-buffered saline (PBS) or mice sham treated with isotype antibody in PBS after intravenous challenge with wild-type BHN682 ST217 or spxB mutant BHN683
ST217
. A, Neutrophil-depleted mice were more susceptible to spxB proficient BHN682 ST217 , compared with nondepleted mice (BHN682 ST217 Ly-6G vs isotype antibody, P = .0001) No significant differences were found in survival between neutrophildepleted mice and sham-treated mice challenged with spxB mutant BHN683
. Bacteremia levels were the same in neutrophil-depleted and sham-treated mice after intravenous challenge with wild-type BHN682 ST217 (B) or spxB mutant BHN683 ST217 (C). Abbreviation: CFU, colony-forming unit.
knockout mutant of strain D39 (serotype 2) has been shown to be attenuated in an intranasal murine model [9, 24] . The data suggest that spxB mutants are selected for in vivo because they are more resistant to the initial clearance provided by macrophages. Thus, macrophage depletion, but not neutrophil depletion, resulted in equally susceptibility to wild-type bacteria and spxB mutant bacteria among mice. It has previously been shown that splenic marginal zone macrophages in mice are highly efficient in clearing pneumococci of serotypes 2 and 3 from the bloodstream, owing to their expression of the C-type lectin SIGN-R1 [22, 24] . Our data demonstrated that only the wild-type strain was affected by the absence of SIGN-R1, suggesting that SIGN-R1-expressing macrophages contribute to the clearance of wild-type bacteria, but not spxB mutant bacteria, from the bloodstream. Using the human derived monocytic cell line THP-1, we showed that the spxB mutants adhered less to and were phagocytosed in lower numbers by THP-1 cells, arguing that differences in early clearance depend on differences in the early eradication provided by macrophages.
Since the phenotypes observed could result from an altered or increased production of capsule, we measured capsule production during normal aerobic growth conditions but found no significant differences between wild-type and spxB-mutant bacteria (data not shown). However, in a recent study that used a serotype 2 strain, it was demonstrated that inactivation of spxB affects the sugar use pattern that results in the overproduction of capsular polysaccharide under semiaerobic conditions, a condition likely prevailing during systemic pneumococcal disease. This overproduction was partially mediated by an increased transcription of the capsule locus [25] . It is therefore possible that the in vivo selection of hypervirulent spxB mutants from systemic serotype 1 infection in mice and humans could be due to increased capsular-mediated resistance toward the early clearance performed by macrophages.
In the infectious process, as the bacteria move between different niches in the body, several bottlenecks will influence how mutants such as hypervirulent spxB mutants may be selected for in invasive pneumococcal disease. The selected mutants may differ from the parental strain in their ability to cause disease, as was observed for the spxB mutants, and may thus have a clinical impact, even if they constitute only a fraction of the bacterial population in the bloodstream.
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